The GTP binding motif: variations on a theme MORTEN KJELDGAARD Common to the functioning of G-proteins is the fact that activation occurs by the binding of GTP, whereas deactivation is achieved by the hydrolysis of CTP to GDP and inorganic phosphate. After dissociation of GDP, reactivation is initiated by GTP binding (Fig. 1) . The substitution of GTP for GDP on the C-protein is very slow and is usually catalyzed by a guanine-nucleotide exchange factor (GEF). Stimulation of the GTPase activity of the Cprotein is achieved by a GTPase activator (GAP), which varies according to the class of C-protein.
The largest classes of C-proteins are: translation fac- 
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The FASEB Journal KJELDGAARD El AL trimeric C-proteins, including transducin and other membrane-bound proteins involved in signal transduction across cell membranes.
In particular, the number of known members of the heterotrimeric C-protein class is expanding rapidly. These proteins have roles as mediators in vision, taste, and smell. Clearly, C-proteins occur in all living organisms.
An important step toward understanding the molecular function of each C-protein is to determine its 3-dimensional structure. As most of these proteins are too large for structure determination by NMR, X-ray crystallography has been used almost exclusively. So far, this has resulted in structures becoming available for:
-H-Ras p21 in the GTP (1-3) and CDP (4, 5) forms -The translation elongation factor EF-Tu from E. coli in the GDP form (6) EF-Tu from Thermus thermophilus (7) and Thermus aquaticus (8) in the CTP form
T. thennophilus
EF-C in the GDP (9) and empty form (10) ARF-1 in the GDP form (11, 12) A small GTP binding protein, Ran (13) -The a subunits of the heterotrimeric C-proteins family
Ga from bovine transducin in CTPyS (14) , CDP (15) , and CDP:A1F4 forms (16) Cai in the CTP'yS and GDP:A1F4 forms (17, 18) , and in the CDP form (19) .
Structures of complexes involving GTP binding domains (C-domains) known are:
-RaplA together with a piece of Rail (20) -The ternary complex EF-Tu:CDPNP:Phe-tRNA (21) -Gafry complexes of C (22) and C (23) #{149} The complex of EF-Tu with the nucleotide exchange protein EF-Ts (24) .
The latter will also soon be available from our own laboratory to 2.3 Aresolution (S. Thirup, personal communication).
The aim of this review is to discuss the role of the common C-protein motif in these different proteins. Related reviews on C-protein structure and function were published recently by Schweins and Wittinghofer (25) and by Hilgenfeld (26) . Several reviews of the general function and biochemistry of the CTPase superfamily have also been published (27-30). Coordinates for many structures described herein have been deposited in the Brookhaven Protein Data Bank (PDB), and entry codes will be given in square brackets where appropriate.
CONSERVED SEQUENCE MOTIFS
The existence of sequence homology among individual Cproteins involved in protein synthesis and Ras p21 protein was noted very early, before X-ray structure determination (31-33), but even before that the notion of guanine-nu- In fact, the GDP binding site is defined by four loop sequences, shown in Fig. 2 . The fourth sequence motif (which we shall call E4) was not found as a general consensus sequence, as it varies between the different families of C-proteins. The first sequence motif, CxxxxCK(SIT) (1) , is found in many proteins that bind purine nucleoside triphosphates. Apart from CTP binding proteins, these include ATP synthetases, myosin, some metabolite kinases, and others (37). The motif is often referred to as the phosphate binding loop or the glycinerich loop. The second motif, DxxC (E2), is situated close to the phosphate binding loop and is thought to he involved in the conformational change taking place between the CDP and GTP forms. The third element, NKxD (E3), determines the specificity for guanine. The four elements common to elongation factor Tu (EF-Tu) and Ras-p21 persuaded us, in collaboration with F. McCormick, to propose a model structure for Ras-p21 based on our structure for the C-domain of EF-Tu (38). Indeed, successful determination of the structure of Ras-p2 1 protein
showed that it has strong similarities with the C-domain of EF-Tu, as will be described below.
From comparisons of a great number of CTP binding proteins, three of the four consensus sequences are now known to constitute a fingerprint of CTP binding domains (36); this fingerprint has been used to identify putative GTP binding proteins from their amino acid sequence-for example, the signal recognition particle (SRP) and the SRP receptor system, specialized for recognizing signal peptide sequences (39, 40). Common to all known structures of CTP binding proteins is a core structure of five a-helices and a sixstranded n-sheet in which five strands are parallel and one is antiparallel.
This n-sheet differs from what is normally seen in a-f proteins in that the one antiparallel strand is at the edge of the sheet. In Fig. 3 , a schematic topology diagram of the CTP binding core domain is shown. Figure  4 shows a schematic illustration of the C binding core, defining the names of the secondary structural elements.
The secondary structural elements in the C binding core are quite well conserved in structure, although some differences do exist; the sequence conservation is much less pronounced. [SF21]. The core region is yellow, and the effector loop is red.
This figure was produced using the MolScript program (81). The last residue in the consensus sequence motif (always a serine or threonine) is the first residue of helix al and forms a hydrogen bond to the n-phosphate group via the side chain hydroxyl group. In addition, the helix dipole moment of helix al interacts favorably with the negatively charged pyrophosphate group, a feature often seen in dinucleotide proteins (41) . The fa motif, connected by a glycine-rich loop, has also been found in proteins binding ADP-for example, adenylate kinase (42)-and was initially known as "the nucleotide binding fold" (37). Loop ?.2 is known as the "effector loop," because in Ras-p21 it interacts with the effector molecule. This loop (shown in red in Fig. 4) is extremely variable in the different C-protein structures. It is shortest in Ras-p2l
(25-36, 12 residues), and just slightly longer in ADP ribosylation factor (ARF-1) (38-52, 15 residues).
In the heterotrimeric C-proteins, ?2 contains an insert that forms an additional helical lobe or domain, partially covering the CTP binding site. In EF-C, loop .2 was not visible in the density maps, but it is 31 residues long. In the EF-Tu:CTP structure, the effector loop is somewhat longer than in Rasp21, consisting of two small one-turn helices (al' and al"). Loop ?.2 contains the so-called "switch I region." Loop 4 contains the E2 motif (DxxC) and is part of the "switch II region" (4) . In loop A.4, Ras-p21 contains the region around residue 61, which is found to be mutated in many human tumors. In most of the known struc- In Ras-p21, loop 2L3 (a n-hairpin), which connects strands f32 and 3, is four residues longer than in any other structure;
in ARF-l, the ?3 n-hairpin loop is four residues shorter than in the translation factors and the heterotrimeric C-proteins, making room for the extra amino-terminal helix found in ARF-1.
Guanine recognition site
The CTP binding site is situated in a hydrophobic pocket on the surface of the core domain and consists of loops Ad, X8, and AdO. The 3-dimensional organization of the CTP binding site is best seen in Fig. 4 phosphoryl binding motif forms one side of the pocket. In the heterotrimeric C-proteins, the CTP binding site is partially covered by the helical domain insert.
In all structures (except Ras-p21), the side chain of the highly conserved Asn in the loop X8 #{163}3 box forms hydrogen bonds to the main chain carbonyl of the fifth residue in the Ad El box and to the main chain nitrogen of the conserved Ala in the Ado #{163}4 box. In Ras-p2l, the Asn bridge involves the side chain of Thr' immediately before #{163}4 (see Fig. 5 ). By such bridging between two loops widely separated in primary sequence, the Asn contributes to making the guanine binding pocket more rigid and stabilizes the whole domain (the significance of this can be seen from the topology diagram in Fig. 3 Here, all secondary structural elements from Ras-p2 1 can be found in the right order and direction, with the exception of 132, which follows the same path but in the opposite direction.
The ADP molecule that is bound by the nitrogenase is positioned in an orientation exactly opposite to that of CTP in Ras-p2l, but with the 13-phosphate in approximately the same position (at the amino terminus of helix al).
THE MOLECULAR SWITCH HYPOTHESIS
One of the central functions of the C-proteins is the ability to switch between two states. In all known cases, the CTP form is active in its biological function whereas the CDP form is not. Generally, we describe this phenomenon as a molecular switch that is "on" in the CTP form and "off' in the CDP form. The relative stability of the two states differs in the various proteins and seems to be adjusted to the specific function of the molecule. The analogy with electronic switches perhaps goes one step further. Switching from the CDP to the CTP form is, as described earlier, controlled by CEFs. However, switching from the CTP form to the CDP form is controlled either by an intrinsic CTPase mechanism or by an externally stimulated CTPase activity. Thus, some C-proteins are "time switches" with a relatively high intrinsic
CTPase activity, which after some time will switch "off' the C-protein.
For example, the heterotrimeric C-proteins have a significant
CTPase activity of their own, giving the "on" state of the Ca subunit a finite lifetime. This makes sense, because the signal transduced by the system should decay after a short time. Failure to do so would short-circuit the cascading events, and a visual or olfactory signal would persist. Therefore, the ground state of the heterotrimeric C-proteins is the CDP form, and the event triggering the signal is conversion to the CTP form by way of the nucleotide exchange factor, which in this case is coupled to the receptor on the cell surface. Conversely, other C-proteins work like "triggered switches" where the intrinsic CTPase activity is relatively low and the activity is delayed, but stimulated when specific, well-defined events occur. EF-Tu, for example, has a very low intrinsic CTPase activity. In the CTP form, it associates with an aminoacylated tRNA with great affinity, forming a stable ternary complex. This complex exists until it is needed in the elongation step on the ribosomal particle, when the CTPase activity is triggered. This ensures the irreversibility of the peptide elongation step and has the effect of a proofreading mechanism.
Switch regions
Two regions involved in the molecular switch mechanism have been identified: the switch II region, which includes the #{163}2 (DxxC) consensus sequence element and is similar in most of the known structures;
and the switch I region, which is found in the "effector loop" and varies in length and sequence among the different proteins.
When one compares the structures of the C-domains of the active and inactive forms of the four C-proteins for which both forms have been structurally determined (Ras-p21, EF-Tu, C1a1, and C,a), it is seen that two regions (three for Cct and four for Cai) adopt conformations that are dependent on the nature of the bound nucleotide.
The switch I region is found in loop X2 whereas the switch II region is composed of loop X4, a2, and loop X5.
The C-domains of all six structures have been superimposed using the least squares options of the 0 program and including a complete domain in G,a. The switch II region exhibits much less structural variation.
The switch III region of Ca has no counterparts in Ras-p21 and EF-Tu. It is found in loop X#{243}, and contains a 15-residue-long insert apparently common to all heterotrimeric C-proteins. The conformational changes in this region appear to occur as a secondary response propagated through polar interactions with the switch II region (15) .
The switch I region is generally found between helix al and strand 132, which is the one antiparallel strand in the 13-sheet. This region is short in Ras-p21.
Structurally, it is just a loop with no regular secondary structure. Helix ul is five residues longer in EF-Tu than in Ras-p21, and is followed by a strand and a one-turn helix ending in Lys52 (helix al'). The switch region includes residues Asp51-Thr65. In EF-Tu:CDP it forms a long hairpin (15a). In EF-Tu:CTP, residues Pro53-Cly6#{176} form another helix (helix al") and residues Ile61-Ile a short loop structure. Helix al in C,cx has three extra residues followed by a short loop (Cln51-Ser, linker 1) to the 114-residue-long extra domain (Leu59-Arg'72), which ends in a loop (Ser'73-Cly179, linker 2) connected to strand 132. Because of these differences, there are some deviations from the generic C-protein structure in the following regions: for Ras-p2 1 in Cln25-Ser39, for EF-Tu in Phe33-His67, and for C,a in I1e51-Ile'81. Because of the difference in the number of residues in helix al, the loops leaving helix a! run in very different spatial directions in the three proteins. There appear to be no structurally important glycine residues in switch I of Ras-p21.
However, Pro34 plays an important structural role in the switch. This residue is at approximately the same position in Ras-p21:CDP and in Ras-p21:CTP.
The effect is that residues Tyr32-Asp33 and Thr35-Ile have markedly different positions. Tyr32 and Ile36 are "in" whereas Asp33 and Thr35 are "out" in Rasp21:CDP.
In Ras-p21:GTP they are "out" and "in," respectively.
In EF-Tu, Cly6#{176} at the end of helix al" is important for the change of this switch, seen from the fact that in EF-Tu:CDPNP this residue has a conformation only allowed for glycines (15a). Because Thr62 (which coordinates Mg) is close in sequence, Cly6#{176} seems important for transmitting a signal via switch I of EF-Tu. We speculate that a similar importance can be associated with Cly'79 of C,a. In the CDP form of C,a, the linker 2 is swung out from the Mg2 ion by about 4.5 Arelative to the CTP form. The conformations of most residues in linker 2 are little altered except for C1y179 and Ile'8#{176} ( Fig. 6) . Furthermore, glycines similar to Cly'79 seem to be conserved in heterotrimeric C-proteins (15) . For all three proteins, a Thr residue is removed from the coordination sphere of the Mg2 ion in the CDP form (Fig. 7) .
The switch II region is found in loop X4, helix a2, and loop AS. Helix a2 changes in all three structures to a de- The switch region starts at this glycine, and the movement of this residue influences the structure of the rest of the switch region. This region is not well defined in Rasp21. From Fig. 6 it can be seen that the peptide flip around this residue is much larger in EF-Tu than in C,a.
The peptide flip has the effect that helix a2 of EF-Tu is changed much more than in Ras-p21 or C,a. However, it is noticeable that in the CTP forms of all three proteins, (Fig. 6 ). In Ras-p21 and EF-Tu, the similar residues (Ala59 and Prom, respectively) apparently influence the position of the Mg2 coordinating Thr from switch I. In Ras-p21, the C13 of Ala59 in the GDP form is found to be 2.1 A from main chain 0 and 2.9 A from C13 of Thr35 in the CTP form. In EF-Tu, the C13 of Prom in the GDP form is 1.8 A from C13 of Thr62 in the CTP form. It therefore seems that the conformational change taking place in switch H interferes with switch I, causing it to move. for Ras-p2 1 and Cia. However, for EF-Tu it is now known that the switching helix is responsible for an extensive rearrangement of the three domains (7, 8) . The CTP form is thus able to recognize and bind aminoacylated tRNA. As seen in the recently determined structure of the ternary complex PhetRNA:EF-Tu:CTP, the carboxy-terminal end of helix a2 is part of the recognition site for the 5' phosphate of tRNA (21) .
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GTP HYDROLYSIS
The intrinsic GTPase rate varies a great deal from one Cprotein to another. In the heterotrimeric C-proteins it is much higher (3-5 min') than in the Ras proteins (< 0.01 min') (30). In EF-Tu, the intrinsic GTPase rate is another two orders of magnitude lower (-0.0001 mm') (52). The intrinsic GTPase activity of a truncated mutant of EF-Tu that contains only the C-domain is of the same order of magnitude as for the Ras proteins (53) . These large differences in hydrolysis rates indicate that activated heterotrimeric C-proteins switch off after a given time period and that Ras-like C-proteins and translation factors have functions that can be delayed and normally are waiting for specific events. The rate differences also indicate that the mechanisms of the CTP hydrolysis could vary among the C-proteins.
One strange fact hinting at The residual activity strongly suggests that these are not catalytic residues, but are important in stabilizing the transition state. It has also been suggested that the hydrophobic pocket for the catalytic water found in EF-Tu by itself could achieve activation (7, 58) .
Extensive experimental data on the mechanism of GTP hydrolysis have been presented recently.
The crystal structures of the A1F4 analog of the y-phosphate transition state has been determined for C1a (16) and for C1a1 (17) . These structures exhibit an octahedral configuration of four flourine and two oxygen atoms around the aluminum atom. The structure reveals that Gln20#{176} indeed moves to stabilize binding of the aluminium oxyfluoride. Two possible mechanisms are presented, one of which involves activation of the catalytic water by the v-phosphate itself. This suggested mechanism is supported by three lines of experimental evidence from wild-type and mutant p21, pointing toward a base with a pKa of around 2.9 as the acting catalytic unit (59) . This work even provides an explanation for the action of the oncogenic mutants of Ras-p21.
THE KNOWN STRUCTURES
In the next sections, we shall discuss characteristics of the different CTP binding proteins.
We divide the structures into three main groups: the Ras-like proteins, the heterotrimeric proteins, and the translation factors, according to the structural categories to which they belong. Fig. 4 . The largest changes between the CTP and CDP structures are confined mainly to two regions undergoing conformational change when GTP is hydrolyzed.
THE RAS-UKE PROTEINS

GTP-GDP
A considerable change in conformation is observed in the switch I region (residues 30-38) of 2L2 centered around Thr35, where side chains from most of the residues 31-36 flip almost 180#{176}. In the CTP conformation, the side chain of Thr35 is a ligand of the Mg2 ion bridging to the y-phosphate (Fig. 7) . In the CDP conformation, Thr35 is flipped and points in the opposite direction, thus reflecting the phosphorylation state of the nucleotide to the outside world.
A detailed comparison of the X-ray structures in the switch II region of Ras-p21 (residues 61
Milburn et at. (4) studied two crystal forms of Ras-p21 :CDP, noting a high flexibility in loop ?.4 and helix a2, and found it difficult to distinguish the effects of crystal packing from those due to the presence of a y-phosphate.
Also in the NMR model, residues 58-66 are ill-defined, indicating that the disorder of the region is an inherent property of Ras-p21 (68 Second, an additional n-strand, 2E, is formed in the "effector loop" region A.2. This p-strand is aligned antiparallel to 2 at the edge of the central f-sheet.
Because 2E divides the generic A.2 loop into two new loops, these are named ?.2 before and A.2' after the 2E strand. ARF-1 appears as a dimer in one of the crystal forms via the formation of a continuous 14-stranded intermolecular n-sheet involving an antiparallel interaction of f32E from both monomers.
In another crystal form, a related dimer involving 2E is formed across a crystallographic twofold axis. The biological significance of the dimer formation is uncertain, and its existence may be due to crystal packing forces. The involvement of the effector loop in the dimerization may emphasize its capacity in mediating protein-protein interactions (12) . It is intriguing that a similar dirner formation across a noncrystallographic twofold axis involving the effector region takes place in the case of intact EF-Tu:CDP from E. coli (15a). Different patterns of magnesium ion binding are observed in the two laboratories.
In the paper from the Brandeis group, Mg2+ is described as having the unusual coordination number of seven: Thr31, an oxygen from the f3-phosphate, Clu', and four water molecules. Two of these are H-bonded to Asp67 in #{163}2. In the British ARF-l structure, only five ligands to the magnesium ion are observed. In particular, C1uM is not observed as a ligand. It is suggested by the British authors that in the Brandeis structure, Mg is actually replaced by Ca2+ from the crystallization buffer, which can indeed exhibit a sevenligand coordination pattern (12) . Another structural feature, unique to ARF-1, is that the position of loop A/I (switch loop II, containing #{163}2) is shifted by two residue positions relative to the generic core motif. In other words, the Asp residue of the DVGC sequence in ARF-1 occupies the same spatial position as the Ala residue in the DTAG sequence of Ras-p2 1. This surprising variation on the structure of switch loop II may explain the extremely low intrinsic CTPase activity of ARF-1. The effector loop in ARF-1 is in a conformation such that it does not come close to the CDP binding site. A similar situation is observed for the effector loop of EFTu:GDP, which has a dramatically different conformation in the CTP form (15a). It is tempting to speculate that a similar situation exists in the case of ARF-1:CTP, but certainly the structure of ARF-1 in the CTP conformation is required to shed light on this question.
Ran
Ran is a protein of 24 kDa and 216 residues.
It belongs to a branch of the Ras-like superfamily and is found mainly in the nucleus of eukaryotic cells. It appears to participate in the condensation of chromosomes and is involved in the nuclear import of proteins as well as the export of mRNA out of the nucleus. The FASEB Journal KJELDGAARD El AL Figure   8 . Cartoon illustrations of the various C-proteins available from the PDB. The GTP binding domain of all structures are shown in the same orientation as Fig. 4 . Parts of the structures belonging to the GTP binding core are yellow, inserts in the effector loop are red, and other inserts that form extensions to the GTP binding core are cyan. Extra domains are green. a) ARF-1:GDP [1HUR] . Loop ?4 between 133and a2 appears broken due to a discontinuity of the main chain between GIn7' and Asp72. Helix a4 (seen partly hidden behind helix a3) contains a bend of approximately 500. Loop A9 that follows contains a small insertion. 6 In EF-Tu, such a large conformational change of the effector region is indeed observed (iSa) . Contrary to what is seen in Rasp21, the density in the switch II region is well defined.
Finally, the roof of the hydrophobic guanine binding pocket is formed by a second lysine (Lys152 in #{163}4). The coordinates of Ran have not yet been submitted to the PDB, although in the paper (13) it is stated that they have been. (14, 15) . C,a consists of two domains separated by a deep guanine-nucleotide binding cleft. One domain contains the GTP binding motif, the other is a highly helical domain unique to heterotrimeric C-proteins.
THE HETEROTRIMERIC G-PROTEINS
Compared with the generic GTP binding motif, the helical domain is an insertion in the "effector" loop A.4 (see Fig. 8e ). This 116-residue-long helical domain consists of one long central helix (aA) surrounded by five shorter helices (aB-aF) and is linked to the Cdomain core by two extended strands, linker 1 (54) (55) (56) (57) (58) and linker 2 (173-1179). In contrast to EF-Tu and Rasp21, for example, where the CTP binding site is in a shallow pocket on the surface of the domain, the GTP binding site is partially covered by the helical insert, so that the nucleotide is bound in a deep cleft between the two domains. Another unique feature of C,a is helix a2, which is a 3io helix rather than an a helix. In the CDP form, this 3o helix is somewhat distorted, but the transition to the CTP form straightens the helix and disrupts a reverse turn at the carboxyl terminus of the helix
Gai
The crystal structure of another heterotrimeric C-protein, was solved recently in the GTP [1CIA, 2.0 A]and CDP [1CDD, 2.2 A]forms (17, 19) . The protein is ubiquitous in all tissues, but is particularly abundant in the brain. The 40.5 kDa C1a1 subunit is involved in inhibition of adenylyl cyclase and opening of cardiac potassium channels.
C1ai and transducin are closely related in tertiary structure, but nevertheless they are regulated by different receptors, interact preferentially with different species of C.y, and regulate different effectors.
The overall folding of Ca1 is very similar to that of Ccz (Fig. 8b) , but there are some differences when comparing the conformational change between the GDP and CTP forms of the two proteins.
In C1a1:CDP, the switch II region including helix a2 is disordered, but most of the amino-terminal region of the protein is well ordered in the crystal structure.
Conversely, in the Ga1:CTP#{128} structure the protein is intact, but electron density for the first 32 and last ii residues is not visible. In the CDP form, more of the amino-terminal region is visible and is seen to form a three-turn a-helix (aNi, residues 9-16), followed by a four-residue 3o helix (aN2, residues 20-23). The following residues form an extended loop that joins up to 3i of the core domain. In the carboxy-terminal region of the protein, the core helix aS is extended by three residues and continues in a structure that lies between helices aNi and aN2 and the core domain, forming a microdomain of the amino-and carboxy-terminal parts of C1a1.
GTP and GDP forms of transducin and Gai
The overall structures of the G,a and Cai are only slightly affected by the transition from the CDP to the CTP forms. In Ca1, a slight rotation of the helical insertion domain is observed. The localized structural changes in the switch I and II regions are similar to what is seen in Ras-p21.
The change in the switch I region again involves a conserved threonine residue (Thr'77 in Ca and Thr181 in Gai), which in the CTP conformation is a ligand of the Mg2 ion and makes hydrogen bonds with an oxygen of the 'y-phosphate group. This conserved threonme corresponds to Thr62 in EF-Tu and to Thr35 in Rasp21. The conserved As mentioned above, the 310 helix a2 partially dissolves and becomes irregular. Futhermore, the helix rotates about its axis, disrupting an extensive interface between side chains of helices a2 and aS. In the CTP form, two conserved arginine residues in ct2 provide important stabilizing interactions with the switch III region, which are disrupted in the CDP conformation, thereby contributing to the conformational change taking place in switch III. As in Ras-p21
and EF-Tu, the conserved glycine in the #{163}2 sequence motif DxxC plays a central role (Cly'#{176} in C,a). During the transition of the structure from the CTP to the CDP form, the hydrogen bond between the main chain amide N of Cly' and the y-phosphate group is lost. Lambright et al. (15) propose a mechanism similar to what has been suggested for EF-Tu (8): the loss of a hydrogen-bond interaction between the y-phosphate and the #{163}2 glycine in switch II is the event that triggers the conformational change in a2. Further structural changes are observed in two other regions, switches III and IV, which do not exist in other CTP binding proteins. Switch III is situated in loop A.6 of the core domain, which is longer in the heterotrimeric Cproteins.
It has the same conformation in the CTP forms of C1a, and C1a. In C1a, switch III moves 3-4 A during the CTP to CDP transition; but in C1ct1:CDP switch III is disordered, so no comparison can be made. Switch IV is found in the helical domain, 17-20 A away from the nucleotide binding site. In C1a1, switch IV undergoes a significant conformational change. In C,a, no such change of switch IV is observed, but its conformation is different from that seen in both GDP and CTP forms of C1a1, possibly due to quaternary interactions. 
Transition
THE TRANSLATION FACTORS
Being involved in the translation of mRNA to protein, the translation factors constitute a special and probably ancient group of C-proteins.
Factors in the translation machinery that bind CTP include the elongation factors, initiation factors, and release factors involved in the three I -S., fundamental steps of protein synthesis. Two structures in the group are known: EF-Tu, which has been solved in both the GDP (6) and the CTP conformation (7, 8) , and EF-C, whose structure is known in the nucleotide free (10) and CDP-bound forms (9) . A recent review of elongation in protein synthesis has been published by Abel and Jurnak (77 (6) . The other research groups involved in crystallographic analysis of the EF-Tu:CDP structure have never published the complete structure. The only information on the complete structure available from the Jurnak group is a small stereoscopic Ca trace that exhibits erroneous folds of domains 2 and 3 (78) . Crystallization of EF-Tu:CDP was initially feasible only when the protein was subjected to a mild trypsin digestion, excising a 14 residue peptide fragment from the structure.
To our chagrin, this fragment later turned out to come from loop A2, the effector loop. We have later crystallized and solved the structure of intact E. coli EF-Tu:CDP to 3.8 Aresolution and intact T. the GDP form does not exist in the CTP form, which generally has a more compact globular shape. What, then, is the rationale for the conformational change taking place in domain 1? The problem is equivalent to the one a mouse encounters in an old-fashioned mousetrap, which has been designed so that the tiniest movement of the piece of cheese will release the spring and break the mouse's back. In the molecular world, the piece of cheese is the y-phosphate group. When GTP is hydrolyzed, the conformation in the switch II region changes by a mechanism that involves a flip of a peptide group before the conserved glycine residue in the #{163}2 motif, shown in Fig. 9 . This conformational change in turn forms the first turn of helix a2, inducing a larger rearrangement of the helix. This is seen in Fig. 10 . The rearrangement of helix a2 effectively changes the topography of the part of the domain that forms the interface toward domains 2 and 3. Now looking completely different, the previous interaction between the two halves of the molecule is no longer favorable, and they dissociate transiently to reassociate in a different relative orientation, that of the CDP form.
Elongation factor G
Elongation factor C (EF-C, or protein synthesis translocase) also participates in the elongation step of bacterial protein synthesis. Its role is to advance (or translocate) the ribosome along the messenger RNA from one codon to the next. After hydrolysis of GTP, EF-G and CDP dissociate from the ribosome. During the action of EF-C, the ribosome undergoes a transition from the pre-to the post-translocational state. The translocation factor is returned to its active state by binding another CTP molecule; no specific nucleotide exchange factor has been identified for this system.
The structure of EF-C was solved in two laboratories: the CDP-bound form [1EFC, 2.7 A]in the Moore group at Yale University (9) and the nucleotide-free form in the Liljas group at Lund University (10). The two structures, reviewed by Jurnak (79) , are essentially identical although a few minor differences in the interpretation of the electron density maps have been made between the two laboratories.
EF-C consists of five domains, one of which protrudes from the rest. The molecule is quite extended, measuring approximately 118 A in the longest dimension, and has been described as resembling a tadpole (9) . Domain 1 is the GTP binding domain, containing the CTP binding core. The most notable difference from the generic core domain is a 94 residue insert in loop X9 (see Fig. Be ) that forms a separate lobe of the C-domain, consisting of a four-strand antiparallel n-sheet, followed by a three-helix lefthanded supercoil. The domain insert extends the central p-sheet to a total of 10 3-strands.
Domain 2 is an all-3 domain bearing close structural resemblance to domain 2 from EF-Tu. Domains 3 and 5
are both cz/ domains, consisting of a small four stranded antiparallel n-sheet with two helices on one side. A similar folding pattern is typical for ribosomal and other RNA binding proteins. Domain 4 is also an cx/ domain, but is unusual in that it contains a previously unobserved lefthanded c4 motif. A structural cartoon of the EF-C structure is shown in Fig. 8d and Fig. 11 .
COMPLEXES INVOLVING GTP BINDING
DOMAINS
The Rap 1A:Raf complex
Recently, the structure of the complex of the Ras binding domain (RBD) of the serine/threonine kinase c-Rail and the Ras-p21 like protein RaplA has been determined (20) . This gives us the first details of the interaction between a C-protein and its effector. Raf has been shown to be a downstream target of Ras. RaplA has an effector region identical to Ras-p21, an overall sequence identity of 50%, and is capable of interacting with the same effectors as Ras-p21 itself. It is thus reasonable to assume that RaplA binds to c-Rail in the same fashion as Rasp21, and the chimeric complex was presumably chosen because the complex with Ras-p21
could not be crystallized. The structure of RaplA in the complex is strikingly similar to that of free Ras-p21:CDPNP.
There are only a few variations in the core CTP binding motif. The most significant deviations from the Ras-p21 structure are found for residues Tyr32, Thr35, and I1e35 from the switch Figure   10 . Conformational change taking place in the second half of the switch II region of EF-Tu (helix a2). GDP form is shown in green, GTP form in red. In the GTP form, the loop containing Hisas is longer than in the GDP form, and the position of helix a2 is shifted on the amino acid sequence by one turn. Furthermore, the helix tilts and rotates. This is the largest conformational change of the switch II region yet seen in a C-protein. The figure was produced with the 0 program (50).
I region
and residues 61-65 from helix a2. These changes may be due to the interaction with cRafl-RBD, but could also reflect true differences between the Rasp21 and RaplA structures.
The Raf RBD domain has the ubiquitin fold consisting of a five-stranded mixed n-sheet with two short helices on one side. As expected, this domain interacts with the effector loop of RaplA.
One 
Heterotrimeric Ga13ycomplexes
Two impressive structural papers have been published recently on Ca13y complexes involving C1a1 (23) and Ca (22) . These structures show that the conformation of the Ca:CDP complex in the heterotrimer is different from that found in free CDP-bound Ca subunits. In these structures, the C13 subunit folds into a highly symmetric torus-shaped propeller with seven blades surrounding a central cylindrical tunnel. Each propeller blade consists of a small four-stranded 13-sheet, with the innermost strand almost parallel to the tunnel axis. The amino terminus forms a long ct-helix. The G unit has a helix-loophelix structure that packs alongside the long amino-terminal helix of the 13subunit. In the complex, the two helices near the amino terminus of Ccc (aNi and aN2) that were seen in the structure of free Ca1 :CDP now consolidate into a single helix, aN, which protrudes from the core do- main and packs against the outer surface of the torus. In forming the heterotrimer, the Ca subunit docks with its long amino-terminal helix on the side of the C13? torus while helix cx2 becomes embedded at the opening of the central cavity. The interaction of the switch II region with C13 is accompanied by conformational changes with respect to both the CTPyS and free GDP-bound forms. The first half of switch II (the #{163}2 motif) assumes an extended conformation, permitting the remainder of a2 to move away and expose residues that engage in the interaction with C13. Among the residues most affected by the formation of the heterotrimeric complex are Cly' and Cm200 (Cly203 and C1n204 in C1a1), which have triggering and stabilization functions in the CTPase switch mechanism. The changes in switch II are coupled with an associated rigid-body movement of the switch I peptide 178-186 hinged at the endpoints.
The conformation of switch I in the complex appears to be an intermediate form between those of the free CDP-and CTP'yS-bound forms. When activation of the heterotrimeric complex takes place, the CDP is replaced by CTP. This causes the local but dramatic conformational changes we discussed above-disrupting nearly all the contacts in the switch interface and triggering the disengagement of C and C11, allowing both to interact with their effector molecules.
Ternary complex
The ternary complex of EF-Tu:CDPNP:Phe-tRNA was recently solved in our laboratory [liT!',
A] (21). It is
one example of a CTP binding protein in complex with its substrate molecule. It is noteworthy that the structure of the EF-Tu:CTP does not seem to change much upon interaction with the tRNA. In other words, no allostery is required for the binding of the substrate. Therefore, the action of the molecular switch in the C domain is all that is required to generate a surface capable of interacting with the effector molecule. A remarkable finding was that the overall shapes of the ternary complex and EF-C possess a striking structural similarity, where domains 1 and 2 of EF-C correspond to EF-Tu domains 1 and 2, and domains 3, 4, and 5 of EF-C closely resemble the wellknown L shape of the tRNA. Accordingly, the tRNA in the ternary complex can be considered an integral part of the C-protein (Fig. 11) . The implication of this finding is that the ternary complex and EF-C must share a common binding pocket on the ribosome.
The question has been raised of why the interdomain arrangement in EF-C:CDP resembles that of EF-Tu:CTP instead of EF-Tu:CDP (9). With the discovery of macromolecular mimicry (21, 80) , an attractive explanation could be that EF-C catalyzes the transition of the ribosome from the pretranslocational state to the post-translocational state, while the interaction with the ternary complex induces a transition in the opposite direction.
In other words, the interaction with EF-C mechanically shapes the binding pocket on the ribosome so that it is ready to accept another ternary complex. Before translocation takes place, EF-C:CTP must bind to a pocket of a somewhat different shape. However, the solution of the 3-dimensional structure of EF-C in the CTP conformation is required to complete the picture. Currently, there is no evidence suggesting that the conformation of EF-G:CTP is similar to that of EF-Tu:CDP. Indeed, in our opinion it is most likely that this is not the case, and that the conformational change taking place in EF-G is of a magnitude comparable to the spatial difference between successive codons of the rnRNA.
The EF-Tu:EF-Ts complex
The structure of the E. coli EF-Tu:EF-Ts complex to 2.5 A resolution was published recently by Kawashima et al. (24) . This is the first instance of a structure solution of a C-protein with its nucleotide exchange factor (CEF). EF-Ts from E. coli is a protein of 30.3 kDa and consists of three small domains, forming an open-angled Z shape. The two distal domains are ct-helical, and the connecting domain consists of two three-stranded 13-sheets forming a sandwich. In the crystal structure, the complex is composed of two molecules of EF-Tu and two molecules of EF-Ts. The stoichiometry of the complex can be described as EF-Tu:(EF-Ts)2:EF-Tu, because the two EF-Ts molecules interact intimately whereas the two EF-Tu molecules barely touch. The two EF-Tu:EF-Ts dimers are related by a pseudo-twofold axis. The relative arrangement of domains in the EF-Tu of the complex is close to that seen in the free CDP-bound form. Each EF-Ts molecule interacts primarily with one EF-Tu, spanning domains 1 and 3. The effect of this is that a slight opening of the molecule takes place, corresponding to a rigid body rotation of domains 2 and 3 by 18#{176}.
In addition, EF-Ts opens up the CTP binding domain of EF-Tu by making firm interactions with loops on both sides of the deep crevice in which the Mg2 ion is bound in the free CDP-and CTP-bound states. On one side of the crevice, EF-Ts forms hydrogen bonds to main chain oxygens of Thr'#{176}8 and Asp'#{176}#{176} in loop AS. Furthermore, EF-Ts forms hydrophobic interactions with residues in As and helix 04. The latter interaction displaces helix ct4, pulling AS with it, and disrupts the hydrogen bonding pattern in the guanine recognition site between the guanine and Asp' and Ser'73, and also between Lys' and the ribose. Furthermore, EF-Ts interacts with loopAi by forming hydrogen bonds between side chains Asp2' and His'9. This induces a flip of the peptide between Va12#{176} and Asp21, resulting in the loss of a hydrogen bond from the main chain amide of that peptide to the 13-phosphate. On the other side of the magnesium binding crevice, EF-Ts inserts the conserved side chain of between the EF-Tu side chains His& and His"8, which belong to helices a2 and cc3, respectively.
The conserved
Asp8#{176} of EF-Ts stabilizes helix a2 by capping it with hydrogen bonds to its amino-terminal residues His, Ala85, and Asp. The effect of these interactions is the displacement of a2, loop A4, and the entire switch II region away from the GDP binding site. In addition, displacement of the sequence motif #{163}2 disrupts the coordination pattern of the magnesium ion, whose binding site is lost. The loss of magnesium alone is sufficient to lower significantly the affinity of EF-Tu for CDP. Unfortunately, the effector loop A2 is not modeled by Kawashima et al. (24) , but it is visible in the 2.3 A EF-Tu:EF-Ts electron density map soon to be presented by our laboratory (S. Thirup, personal communication).
In conclusion, a-helices still vary and some of the 13-strands will be shortened or lengthened.
Although the magnesium binding site is similar in all the structures, it is by no means identical; the number and character of the ligands vary, and so does the identity of the side chains involved.
One of the invariant CTP binding motifs, #{163}2 or DxxC, was originally believed to be a constant feature of more or less conserved structure, but with the appearance of the ARF-1 structure not even this holds true. The binding pocket of the guanine base always seems to involve the NKXD sequence motif, and this is true in the structures solved so far. But browsing through the available sequence information on GTP binding proteins, one sees that variations on almost all the "conserved" positions do exist and there is no guarantee that one day a new sequence will not appear that will remove the last of the "conserved" CTP binding features.
We have also seen how the different proteins are able to use side chains from different parts of the structure to form the guanine binding pocket.
An 
